We propose and analyze a generic technique to engineer the two-photon quantum state generated by spontaneous parametric downconversion (SPDC) in nonlinear photonic nanowires using any suitable material system. Through dispersion engineering in nanowires, the group velocity of each photon involved in the SPDC process can be tuned such that pure heralded single photons or maximally polarization entangled photons can be directly generated on a chip. Implementations in III-V semiconductor and ferroelectric waveguides demonstrate minimal frequency correlations with Schmidt numbers of ∼1 for heralded single photons, and maximal entanglement with concurrences of ∼1 for polarization entangled photons.
INTRODUCTION
Quantum states of photons are indispensable sources for various applications in the fields of quantum optics and quantum information processing, such as quantum key distribution and quantum computing [1] [2] [3] . The generation and engineering of quantum states of photons has always been a task of high priority [4, 5] . These quantum states include, but are not limited to, entangled photons and single photons.
Entangled photon pairs are conventionally generated via the nonlinear optical process of spontaneous parametric downconversion (SPDC), in which a pump photon is annihilated, and a pair of photons called signal and idler are created [6] . The photons making up a downconverted pair can be engineered such that they are entangled in one or more degrees of freedom, such as polarization, spatial mode, and frequency. In the most studied case of polarization entanglement, photons in different pairs need to be indistinguishable in every degree of freedom, except for polarization [5] . This usually means that the spectral distinguishability needs to be removed by spectral filtering, and the temporal distinguishability removed by path compensation. Other techniques such as using interferometers have also been developed to produce polarization entangled photons [7, 8] .
On the other hand, single photons could ideally be generated by quantum emitters such as quantum dots, which emit identical photons one at a time [9, 10] . A more readily available approach to generate single photons is to use photon pairs. In this method, the detection of one photon (the heralding photon) in a pair heralds the arrival of its twin (the heralded single photon). As such, paired photons should be uncorrelated in frequency, so that the heralded single photon is in a pure quantum state. This conventionally requires spectral filtering to remove the spectral correlation. Instead, pure single photons can be directly generated without filtering via a technique called group velocity matching; this option, however, is limited and is dictated by the choice of material and photon wavelengths in nonlinear crystals [5, 11, 12] .
Meanwhile, driven by the need for highly efficient, compact sources of photon pairs required by any practical quantum information processing system, nonlinear waveguides have attracted a lot of research in the past decade [13] . These include χ 2 waveguides using SPDC [14] [15] [16] and χ 3 waveguides using spontaneous four-wave mixing (SFWM) [17] [18] [19] [20] . Due to the tight confinement of waveguide modes and the effective long interacting length, the generation efficiency can be increased by a few orders of magnitude compared to their bulk crystal counterparts.
In addition, practical applications employing such sources require them to be mobile, robust, and alignment-free, which is still an active topic of research. To this end, it is advantageous to generate a particular quantum state of photons directly on a chip without using extra components. For example, in periodically poled potassium titanyl phosphate (PPKTP) waveguides, pure single photons can be produced directly in certain wavelengths without spectral filtering, thanks to the natural dispersion properties of this material system, which are able to satisfy the group velocity matching conditions required [21] . More importantly, dispersion engineering of waveguide devices provides a powerful way to generate photon pairs with properties not naturally allowed by material dispersions. For example, pure single-photon generation by group velocity matching can be accomplished by engineering a Bragg reflection waveguide [22] , and a polarization entangled photon can be directly produced by engineering the waveguide modal birefringence [23] or the group birefringence [24] . Recently, it was proposed that mode and polarization hyperentangled photons can be generated on a chip through waveguide engineering [25] .
Among all waveguide sources, those with subwavelength confinement, or photonic nanowires, have been of particular interest. On the one hand, the tight confinement of light could further increase the conversion efficiency of the nonlinear process compared to weakly guided waveguides [26, 27] . This is in part because in photonic nanowires the waveguide dispersion could outweigh the material dispersion, allowing for drastic control over the modal dispersion properties that are required for phase matching [27, 28] or two-photon state engineering [29] . Most photon pair sources in photonic nanowires have been demonstrated using SFWM in silica [30, 31] and silicon-based materials [32] [33] [34] [35] due to the well-developed fabrication technology and the relaxed requirement on phase matching. Sources that use SPDC in χ 2 photonic nanowires are equally important due to the potentially incomparable efficiencies [26] in a large range of χ 2 materials and have not been demonstrated to date.
In this work, we demonstrate how tailoring the waveguide dispersion in photonic nanowires provides a simple yet powerful technique to engineer the two-photon quantum state in χ 2 materials. Via dispersion engineering, pure heralded single photons or maximally polarization entangled photons can be generated directly on-chip without the need for any other components. This technique is generic, and does not require complex nanoscale patterns to be defined. It can be used to generate the aimed quantum states on a chip in any material system. This paper is organized as follows: in Section 2, we review the quantum mechanical treatment of SPDC in nonlinear waveguides and present the requirements for generating pure single photons and maximally polarization entangled photons. In Section 3, we show how these requirements could all be satisfied by dispersion engineering in photonic nanowires. Section 4 presents the analyses of design examples based on III-V semiconductor Al x Ga 1−x As and ferroelectric lithium niobate, respectively, where the device performance is numerically evaluated. Section 5 summarizes the findings.
FORMALISM A. Spontaneous Parametric Downconversion in Waveguides
The quantum state of the photons generated by SPDC can be conventionally obtained using the time-dependent perturbation theory in the interaction picture [11, 36] , or, equivalently, using the backward Heisenberg picture approach [37, 38] . Following [37, 38] , the Schrödinger picture nonlinear Hamiltonian is given by ; ω is a function determined by the phase matching condition, modal overlap, material nonlinear coefficient, pump pulse spectrum, etc. In the following, we will assume the pump has single polarization and thus omit the summation over γ. The asymptotic-out quantum state of the generated photons in the limit of low probability of pair production per pump pulse (jνj 2 ≪ 1) can be written as jΨ gen i ≈ jvaci νjIIi, where
is the normalized two-photon state. The biphoton wave function (BWF) ϕ αβ ω 1 ; ω 2 at the output facet of the waveguide of length L is
where ϕ P ω is the pump spectral amplitude at the output facet,
is the phase matching function in the case that quasi-phasematching (QPM) [39] is used, and Λ is the first-order QPM grating period. In general, the pump spectral amplitude is taken to be Gaussian, i.e., ϕ P ω ∝ exp−ω − ω p 2 ∕Ω 2 , with a center frequency ω p and time-domain intensity full width at halfmaximum 2 2 ln 2 p ∕Ω. The propagation constant of each mode around the degenerate PM frequency ω m0 (m p; d) can be calculated by
where
are the corresponding group velocity and group velocity dispersion (GVD), respectively, which can be calculated numerically. Normalization of the two-photon state jIIi requires R dω 1 dω 2 P α;β jϕ αβ ω 1 ; ω 2 j 2 1. Therefore, jνj 2 can be thought of as the probability of pair generation per pump pulse. Note that the BWF is symmetric under exchange of both mode indices and frequencies ϕ αβ ω 1 ;ω 2 ϕ βα ω 2 ;ω 1 , but it does not necessarily possess any additional symmetry, i.e., ϕ αβ ω 1 ; ω 2 ≠ ϕ βα ω 1 ; ω 2 , ϕ αβ ω 1 ; ω 2 ≠ ϕ αβ ω 2 ; ω 1 .
The property of two-photon quantum state jIIi largely depends on the shape of the BWF given by Eq. (3). Thus engineering the two-photon quantum state essentially relies on engineering the shape of the BWF. We will explain this point in detail for the generation of pure single photons and polarization entangled photons in the following subsections.
B. Heralded Pure Single-Photon Generation When photon pairs are used as single photons, the detection of one photon heralds the existence of the other one (heralded single photon). In the ideal case, the heralded single photon should be in a quantum pure state. This requires that there is no frequency correlation in the BWF, which can be written as [12] 
In the case of CW or narrow-band pump, the BWF is always anticorrelated in the ω 1 ; ω 2 plane. The nature of the correlation is governed by the pump spectral amplitude ϕ P ω 1 ω 2 in Eq. (3). However, if the pump pulse is sufficiently broad, the shape of the BWF can be largely determined by the shape of the sinc function in Eq. (3). The sinc function in Eq. (3) has its main lobe oriented at an angle of tan
α;β , and the sinc function is largely anticorrelated in the ω 1 ; ω 2 plane as well. As a result, the frequency separability required by Eq. (4) can never be satisfied in these cases. In order to achieve frequency separability in the BWF, the group velocities of the pump and the downconverted photons must satisfy [12] 
These requirements are called group velocity matching. They enable the erasure of the frequency correlation in the BWF by changing the orientation of the sinc function and the bandwidth of the pump in Eq. (3). In one extreme case, if the group velocity of the pump equals that of one of the downconverted photons, i.e., v p γ v d α;β , the sinc function would be mainly parallel to one of the axes in the ω 1 ; ω 2 plane. In such a case, as long as the pump bandwidth is sufficiently broad, the BWF is approximately uncorrelated in frequency. In another extreme case, if 2∕v
the sinc function would be perpendicular to the pump spectrum function in Eq. (3). This allows us to switch between anticorrelated, uncorrelated, and correlated photon pairs by varying the pump bandwidth (see, e.g., Ref. [5, 22] ). In the first extreme case, the signal and idler have different spectra even if they are uncorrelated in frequency, whereas in the latter extreme case, the paired photons can be uncorrelated and indistinguishable.
In most cases, group velocity matching can only be satisfied by choosing appropriate wavelengths for certain materials [12, 21] . It can also be achieved by engineering the dispersion of the waveguide spatial modes [22] , which enables the generation of pure single photons not naturally allowed by the given materials. The latter method will be used in this work.
To quantify the degree of spectral entanglement of the BWF, we calculate the Schmidt decomposition, which is defined as ϕ αβ ω 1 ; ω 2 P n p n p U αn ω 1 V βn ω 2 , where p n are the eigenvalues of the matrix ρ αβ ω 0 ω R ϕ αβ ω 0 ; ω 00 ϕ αβ ω; ω 00 dω 00 , with P n p n 1, and U αn , V βn are the corresponding Schmidt modes. The degree of entanglement or separability is characterized by the Schmidt number
with K 1 corresponding to a separable two-photon state and an increasing value of K corresponding to an increase of the degree of entanglement.
C. Polarization Entangled Photon Generation
We now consider the generation of polarization entangled photons. One of the most widely used methods to produce polarization entangled photons from waveguides is via a type-II SPDC process, in which cross-polarized photons are generated in a pair. The two-photon state can be explicitly written as
where H, V denote TE and TM polarizations, respectively, and
The photons in a pair must be spatially separated. One way to achieve this is to use a 50∶50 beamsplitter to split the photons nondeterministically and use postselection, which entails losing half of the photons. An alternative method is to split the photons deterministically using a dichroic mirror. For an ideal dichroic mirror with a splitting frequency of ω 0 ω p ∕2, the resulting state is given by
For the quantum state given by Eq. (8) to be maximally entangled in polarization, it must be factorizable with respect to the polarization and spectral-temporal degrees of freedom, which requires
or, equivalently,
In this case, it is impossible to discern the polarization of each photon by looking at the spectral and temporal information. However, as mentioned before, Eq. (9) is not satisfied in general.
The asymmetry in the BWF is mainly due to the nonzero group velocity mismatch (GVM) between the downconverted photons j1∕v
On the one hand, the GVM causes temporal walk-off between cross-polarized photons, as manifested by the phase of the BWF in Eq. (3). Therefore, the polarizations can be inferred from the arrival times of the two photons. On the other hand, the GVM, combined with the nonnegligible GVDs, causes asymmetry in the joint spectral amplitude jϕ αβ ω 1 ; ω 2 j, which results in spectral distinguishability [24] . The latter is more obvious in waveguides with large GVD, such as those made of Al x Ga 1−x As. As a result, generating polarization entangled photons usually relies on the use of off-chip compensation, spectral filtering, or interferometric setups to remove any distinguishing information [6, 13] .
In order to generate maximally polarization entangled photons directly from the chip, the goal is to produce a two-photon state with a symmetric BWF as indicated by Eq. (9) . As demonstrated before, this requirement can be satisfied to a good approximation if the GVM between the downconverted photons is approximately zero [24] .
To quantify the degree of polarization entanglement, we can express the density matrix in the polarization subspace by tracing over the frequency degree of freedom, and calculate the concurrence C, an entanglement monotone, as a figure of merit [40, 41] . It is calculated by C 2
where the normalization condition requires
A maximum concurrence of C 1 indicates maximal polarization entanglement, whereas C 0 represents a separable state.
DISPERSION ENGINEERING IN PHOTONIC NANOWIRE WAVEGUIDES
In the previous section, we showed that the generation of pure single photons and polarization entangled photons relies on matching the group velocities of either the pump and the signal or idler, or the signal and idler. In this section we will show that the required dispersion engineering can be achieved in photonic nanowire waveguides. To illustrate this point, we consider the simplest, symmetric, three-layer slab waveguide without loss of generality. In order to include material dispersion, we take the waveguide core as Al 0.4 Ga 0.6 As, which has a steep, normal material dispersion [42] , and assume it is surrounded by air to provide sufficient index contrast. We consider photon pairs being generated in the telecommunication band of 1550 nm with the pump wavelength centered at 775 nm.
For both wavelengths, we calculate the group velocities of the fundamental TE and TM modes as functions of the waveguide core thickness, as shown in Fig. 1 . The results show that for a given wavelength, the group velocity of the TM mode is more sensitive to the core thickness than that of the TE mode. Taking 1550 nm for example, for a large core thickness, the group velocities are largely determined by the material dispersion. As the core thickness decreases, the group velocity of the TM mode drops significantly to a minimum when the core thickness is around 280 nm. Further decreasing the core thickness will result in a rapid increase of the TM mode group velocity, as the electric field profile loses confinement and spreads out in the cladding layers. Meanwhile, at the same wavelength, the TE mode group velocity has a similar trend but much smaller change over the range of core thickness.
On the other hand, at the pump wavelength of 775 nm, the group velocities are lower for both polarizations at large core thicknesses due to the material dispersion. In addition, the dependence on the core thickness of each mode is similar to its long wavelength counterpart, but with the "dip" in the group velocity taking place for a smaller core thickness (not shown in Fig. 1) . As a result, in the range of relatively large core thickness, both group velocities are less sensitive to the change of core thickness when compared to those at the longer wavelength.
According to Fig. 1 , in such a slab waveguide, zero GVM between the TM mode at 1550 nm and the TE or TM modes at 775 nm can be achieved with a core thickness of 378 or 350 nm, respectively. This enables the generation of pure single photons if the pump at a given polarization is downconverted into a pair of photons in TE and TM polarizations. On the other hand, generating maximally polarization entangled photons requires zero GVM between TE and TM modes at 1550 nm. This is satisfied in the weakly guided region with a core thickness of 228 nm.
In the above discussions, we have assumed a large refractive index contrast between the core and the cladding layers. This is necessary for the waveguide dispersion to dominate over the material dispersion, thus allowing for a substantial control on the modal dispersions. In a low index contrast waveguide, the waveguide dispersion could be insufficient to modify the dispersion of a given mode significantly to achieve zero GVM with a mode at half of the wavelength. However, zero GVM between the downconverted photons is still achievable provided the waveguide form birefringence is low.
It should be noted that the different behaviors for the two polarizations arise from the different boundary conditions of the electromagnetic field. Given the electric field orientations of TE and TM modes, one could use the waveguide width in a 2D waveguide to achieve significant control on the group velocity of a TE mode. Combining the effects of the core thickness and the width of a waveguide, greater flexibility on the control of modal dispersions can be achieved. As a result, achieving group velocity matching for the pump and the signal or idler, or the signal and idler, is readily feasible, thus allowing for the generation of pure heralded single photons or maximally polarization entangled photons in a tightly confined nonlinear waveguide.
This technique of two-photon quantum state engineering is not limited to any particular material system. Therefore, it could be applied to generate quantum states of certain properties not naturally supported by the given material.
DEVICE DESIGNS
In this section we will consider two illustrative design examples based on III-V semiconductor and ferroelectric materials, respectively, using the strategy described in Section 3. III-V semiconductors are particularly attractive because of the ability of monolithic integration with the pump lasers and other active and passive components, whereas ferroelectric waveguides are so far the most popular waveguide devices used for wavelength conversion and photon pair generation due to their high efficiencies. Specifically, we will consider Al x Ga 1−x As for III-V semiconductor and lithium niobate for ferroelectrics to generate photon pairs around 1550 nm. The material refractive index models are taken from [42] and [43] , respectively. QPM is utilized in both cases to define the phase matching wavelength.
A. III-V Semiconductor Waveguides
For practical waveguide designs using III-V semiconductor Al x Ga 1−x As, we assume the core has a thickness of t c 300 nm and aluminum concentration of x c 0. 4 x s 0.8. The thicknesses of the upper and lower cladding layers are taken to be 0.5 and 2.2 μm, respectively, which are sufficiently thick to provide vertical mode confinement. The three-layer slab waveguide can be grown on a [001] GaAs substrate, and then etched along the [110] direction to form a ridge waveguide with a width of W. The waveguide supports a type-II SPDC process, in which a TE polarized pump centered at 775 nm is downconverted into a pair of photons near 1550 nm in a TE and TM mode, respectively. The waveguide structure is schematically shown in Fig. 2(a) , with the waveguide length taken to be 2 mm.
Pure Single Photons
First we consider the generation of pure single photons, which requires the group velocities to satisfy Eq. (5). In a slab wave- Fig. 1 , the group velocities show similar behaviors as the waveguide width decreases, except that the TE mode has a larger change as opposed to the TM mode in Fig. 1 . Figure 3 shows that zero GVM between the downconverted TE mode and the pump TE mode is achieved when W ≈ 0.31 μm. The corresponding first-order QPM grating period is 1.04 μm.
For this structure, we plot the joint spectral intensity (JSI) jϕ HV ω 1 ; ω 2 j 2 for 500 fs pump pulses, as shown in Fig. 4 . The JSI is cigar-shaped and oriented along the axis of the TE photon wavelength, as expected from the group velocity matching condition. The Schmidt number given by Eq. (6) is calculated to be 1.05, indicating a nearly perfect separability of the BWF.
Maximally Polarization Entangled Photons
We now consider the generation of maximally polarization entangled photons, which requires zero GVM between the downconverted photons. This could not be satisfied in Fig. 3 even if the waveguide width further decreases beyond ∼2.5 μm, as the modes are cut off due to weak confinement in the vertical direction. Alternatively, one could adjust the core thickness to achieve zero GVM between the downconverted photons. The group velocities of the downconverted modes as functions of the core thickness are shown in Fig. 5 , for a waveguide width of 3 μm, while keeping all other parameters unchanged from before. The core thickness for zero GVM is found to be 529 nm, with a corresponding QPM grating period of 2.98 μm. The required core thickness is also a function of waveguide width, as shown in Fig. 6 . Zero GVM between the downconverted modes could not be achieved if the waveguide width is smaller than 2.5 μm due to the increased form birefringence.
Notice that Al x Ga 1−x As is nonbirefringent, which allows for zero GVM between the downconverted photons in weakly guided waveguides. In birefringent materials, however, strong confinement is necessary to achieve this in general.
To characterize the quality of polarization entanglement, we take the example of W 3 μm and t c 529 nm, and assume the pump is narrow band, i.e., jϕωj 2 ≈ δω − ω p . For a 2 mm long waveguide, the spectral intensities jΦ αβ ω 1 ; ω 2 j 2 and the associated phases are shown in Fig. 7 , after integrating over ω 2 . The two polarizations show almost identical spectra and phases, making it impossible to discern the polarization of a photon without polarization measurements. The concurrence C given by Eq. (10) is calculated to be almost unity, with 1 − C ≈ 6.1 × 10 −5 . This confirms that the polarization entanglement is nearly maximal.
B. Ferroelectric Waveguides
To demonstrate that the technique of two-photon quantum state engineering using dispersion engineering in photonic nanowire waveguides is not limited to a particular material system, we consider the waveguide designs using ferroelectric material lithium niobate, which is commonly used in wavelength conversion and photon pair generation. Lithium niobate waveguides with large index contrast can be fabricated by techniques such as crystal ion slicing and wafer bonding [44] . In the following discussions, we assume z-cut periodically poled lithium niobate (PPLN) is bonded to a silica lower cladding layer, and the waveguide length is 10 mm. The structure is schematically shown in Fig. 2(b) . Cross-polarized photons can be generated via a type-II process with a TE polarized pump. We will now follow the same procedure to discuss the generation of pure single photons and maximally polarization entangled photons.
Pure Single Photons
Taking a core thickness of 1 μm, the dependences of the group velocities on the waveguide width are shown in Fig. 8 . Notice that due to a smaller material dispersion than that of Al x Ga 1−x As, group velocity matching required by Eq. (5) can be more easily satisfied in lithium niobate. Figure 8 shows that group velocity matching can be satisfied in a large range of 0.42 μm≤W ≤ 1.12 μm. In particular, when W ≈ 1.12 μm with a corresponding QPM grating period of 3.49 μm, v d H v p H , and uncorrelated photons with different spectra can be generated with a pump sufficiently broad. The JSI generated by 200 fs pump pulses is shown in Fig. 9(a) , with the corresponding Schmidt number calculated to be 1.05.
An interesting feature of this design is that uncorrelated photons with almost identical spectra can be generated when the width W ≈ 0.71 μm, which satisfies 2∕v
In this case, the QPM grating period is 2.63 μm. For a waveguide length of 10 mm, the optimal pump pulse duration is found to be 1.7 ps, which results in a Schmidt number of 1.18. The corresponding JSI is shown in Fig. 9(b) . Moreover, as mentioned before, switching between correlated, uncorrelated, and anticorrelated photon pairs can be simply achieved by varying the pump pulse duration.
Maximally Polarization Entangled Photons
Achieving zero GVM between the cross-polarized downconverted photons in PPLN waveguides is somewhat different from that in Al x Ga 1−x As waveguides. In the latter case, as we have shown, the lack of material birefringence makes it possible to achieve zero GVM in weakly guided waveguides, whereas in PPLN, significant GVM due to material birefringence has to be canceled in strongly confined waveguides with large index contrast, as illustrated in Fig. 2(b) .
In Fig. 8 , we observe that v thickness. We therefore decrease the core thickness to 0.5 μm, and calculate the group velocities as functions of the waveguide width, as shown in Fig. 10 . The result shows that v d V v d H can indeed be satisfied when the width W 1.76 μm. The corresponding QPM grating period is 2.32 μm. Of course the required waveguide width is also a function of the core thickness. In this case, the downconverted photons again show almost identical spectra and phases, as shown in Fig. 11 . The calculated concurrence C satisfies 1 − C ≈ 6.0 × 10 −6 , indicating a maximal polarization entanglement. Notice that uncorrelated photons with different spectra can also be generated in the range of 0.53 μm≤W ≤ 1.00 μm.
DISCUSSION AND CONCLUSION
In this work, we have developed a strategy to achieve twophoton quantum state engineering for photon pairs generated via SPDC in nonlinear waveguides with subwavelength confinement. By varying the waveguide dimension, the group velocity of each mode involved in the SPDC process can be tuned, which allows for group velocity matching for either the pump and one of the downconverted photons, or the two downconverted photons in pairs. This makes it possible to generate pure heralded single photons, or maximally polarization entangled photons directly from the chip.
We further applied this method to III-V semiconductor Al x Ga 1−x As waveguides and ferroelectric lithium niobate waveguides. The results show that heralded single photons with a Schmidt number close to unity and polarization entangled photons with a concurrence of one can be generated in both material systems. We must emphasize that this technique of two-photon quantum state engineering could be applied to χ 2 nonlinear waveguides of any material system in principle, and could generate the desired quantum state not naturally allowed by material dispersions.
Fabrication of the waveguides designed in this work is challenging due to their small characteristic dimensions and the strict requirements on the roughness, which greatly impacts the attainable propagation losses. However, most of the crucial steps for these devices have been developed already. For Al x Ga 1−x As, tightly confined nanowire ridge waveguides with high aspect ratios exceeding 10 and ridge widths less than 300 nm have been demonstrated by several groups [28, 45] . QPM in Al x Ga 1−x As is not trivial but has been demonstrated using several techniques such as orientation patterning [46] and quantum well intermixing [47] . On the other hand, lithium niobate thin film and ridge waveguides [44, 48, 49] , as well high index contrast nanowires with cross-section areas <1 μm [50] , have been developed, driven by a whole range of applications including the enhanced wavelength conversion efficiency and electro-optic modulation. Second-harmonic generation using QPM with third-order gratings in PPLN nanowires has been demonstrated with the fundamental wavelength of 1064 nm [50] . Meanwhile, short period QPM gratings as small as 400 nm have been developed for PPLN [51, 52] .
It must be noted that, for photonic nanowires, in which waveguide dispersion dominates over material dispersion, fabrication imperfection may cause significant deviation from the waveguide design parameters and hence reduce the quality of the generated state. Considering the PPLN designs corresponding to Figs. 9(a) and 11 for example, a change of the grating period by 0.5% can shift the QPM wavelength of the photon pairs by ∼50 nm, increasing the Schmidt number to 1.83 under the same pump pulse duration and decreasing the concurrence to 0.22, respectively. On the other hand, if the waveguide widths are changed by 1%, the Schmidt number will increase to 1.90, while the concurrence will decrease to 0.57.
Such low tolerances require careful optimization on the fabrication processes. Nevertheless, one can use third-order QPM gratings to ease the tolerance requirement and design the waveguide dimensions such that group velocity matching can be safely satisfied even with considerable fabrication errors. Single photons with Schmidt numbers close to 1 can thus be generated by choosing the right combination of the waveguide length and pump duration. For polarization entanglement, one can apply weak bandpass filtering to increase the concurrence. For the state with a concurrence of 0.22 mentioned above, a 10 nm bandpass filter can increase the concurrence to 0.96 without any off-chip compensation. Note that such a filtering bandwidth is one order of magnitude more relaxed than the bandwidth of typical type-II SPDC in PPLN weakly guided waveguides and such filters can be implemented on the same chip.
The devices designed in this work are generally robust to temperature fluctuations. For a temperature fluctuation as large as 20°C, both Al x Ga 1−x As and PPLN waveguides have a shift of QPM wavelength of within 10 nm for the downconverted photons. This results in an enhancement of the Schmidt number by less than 0.06 for both material systems, and reduction of the concurrences to 0.97 for Al x Ga 1−x As and 0.70 for PPLN. On the other hand, temperature control can be easily deployed to partially compensate for any fabrication errors.
Lastly, we note that the technique described in this work is compatible with the recent development of integrated quantum photonics [3, 53, 54] . Combined with other components such as on-chip interferometry circuits and detectors, this technique provides a viable route to achieve fully integrated generation and manipulations of photonic quantum qubits.
